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Abstract and Keywords 
The first part of this thesis involves full experimental and numerical studies to understand 
the effects of cross-winds on the automotive underbody aero-thermal phenomena using a 
2005 Chevrolet Aveo5 with a heat source affixed to it to create a baseline. The results show 
that irrespective of the yaw angle used, only temperatures in the vicinity of the heat source 
increased. The rear suspension also deflected the airflow preventing heat transfer. The 
second part of this thesis investigated using a diffuser to improve hybrid electric battery 
pack cooling. It was found that the diffuser led to more consistent temperatures on the 
diffuser surface, suggesting the same for the battery. 
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V Speed (m/s) 
L Lift (N) 
D Drag (N) 
∇ Gradient operator 
?̅? Averaged Velocity (m/s) 
𝜌 Density (kg/m3) 
?̅? Pressure (Pa) 
𝜇 Viscosity (Pas) 
𝜆 Reynolds Stresses 
Pr Prandtl Number 
k Turbulent Kinetic Energy (J) 
C1, C2 Transition-SST turbulence model constants 
Re Reynolds Number 
SD Specific Dissipation Rate (W/K) 
Q Heat exchanger heat transfer rate (W) 
T Temperature (K) 
𝑅 Gas constant (J/kgk) 
W Weight (kg) 
 
Greek Symbols 
ω Turbulent Eddy Frequency (1/s) 
C1, C2, α, σk and 
σω 
Transition-SST turbulence model constants 
 
Superscripts 









hot,in At the Hot fluid inlet of a heat exchanger 
cold,in At the Cold fluid inlet of a heat exchanger 
t Turbulent parameter 
numerical From the numerical data 
experimental From the experimental data 
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Chapter 1: Introduction 
1.1: Background and Motivation 
When moving air hits a vehicle, a variety of forces on the vehicle are generated. The air 
can push down or push up on the vehicle depending on the design; these are called 
downforce and lift respectively. The air can also push against the direction of vehicle travel, 
causing resistance, called drag (Barnard, 2009). Downforce, also called negative lift, is 
considered a positive effect on a vehicle given its ability to increase vehicle stability. Lift 
and drag are negative effects on a vehicle. Lift causes a reduction in the tires contact with 
the road and hence reduction in vehicle stability. This is felt in the vehicle as twitchy, 
inconsistent steering and suspension control (Barnard, 2009a). Drag causes an increase in 
fuel consumption, due to additional forces resisting the movement of the vehicle. This 
causes the motor to have to work harder, and as a result burn more fuel, to travel at a given 
speed. These two aerodynamic effects form the focus of automotive aerodynamics 
research.  
Automotive aerodynamics is the study of the air flow around and through a vehicle during 
operating conditions with the aim of limiting drag (Hucho, 1993).  A key concern in 
automotive aerodynamics is the balancing of the economics and styling of the vehicle 
versus the aerodynamic characteristics. Often times, the characteristics that do result are 
due to accommodating economic and packaging factors, versus the other way around 
(Hucho, 1993). Since drag also has effect on fuel consumption, aerodynamics is also of 





The global decline in fossil fuel reserves, rising fuel prices and the damaging effects of 
global warming have necessitated the need to minimize fossil fuel consumption. The 
transportation sector in particular heavily depends on fossil fuels, especially those of 
Canada and the United States. Electric vehicle (EV) and Hybrid electric vehicle (HEV) 
technology has improved significantly in recent years and offer huge potential to decrease 
our fossil fuel dependence. However, cooling the battery packs used in EVs and HEVs is 
still a challenge that requires solutions. Battery packs for EVs and HEVs have specific 
cooling demands, including uniform cooling within a desired range that is still difficult to 
achieve. There are therefore aggressive research programs focusing on different cooling 
techniques from phase-change material to liquid cooling, and natural and forced convective 
air cooling.  
 
Figure 1.1: Illustrating aerodynamic forces acting on a vehicle, with V representing the 





Commonly, drag and lift reduction in road vehicles is done through the use of aerodynamic 
devices, such as wings, spoilers, air dams, side skirts, underbody diffusers, etc. These can 
be built into the design of the vehicle at the design stages or as add on device. Underbody 
diffusers in road vehicles is one such device, for example, that works like the reverse of a 
nozzle. The entrance of the diffuser is usually small to increase the velocity of the air, and 
the exit is large, to decrease the velocity (Barnard, 2009b). When a fluid speeds up, per the 
Bernoulli principle, its static pressure decreases, thus leading to an increase in downforce 
where the flow is faster (Barnard, 2009c). The velocity decrease at the diffuser exit, which 
is usually close the back of the vehicle, and causes an increase in pressure in the wake. The 
wake is the air immediately downstream of the vehicle. After passing over the vehicle, this 
air is often highly turbulent and separated from the vehicle surface. In addition to this the 
air immediately behind the vehicle is called “dead air” which is very slow. In order to 
reduce pressure drag with a diffuser, the diffuser should be designed to have the air exit it 
at a low velocity into the dead water to keep the pressure relatively high. This results in an 
effective reduction in pressure difference between the front and back of the vehicle leading 
to a reduction in the aerodynamic drag.  
These principles are applied to thermal management in the form of ducting and nozzles 
such as grille openings, and brake ducts to speed up the flow near critical areas and slow 






Figure 1.2: A diffuser (circled) on the vehicle studied in this thesis.  
Thermal management is a major consideration in the design of vehicles for passenger 
comfort and efficient performance of various components. Aerodynamic thermal 
management is highly dependent on air flow around components requiring cooling. Faster 
moving air results in a higher convective cooling coefficient, which results in more 
effective heat transfer (Costa, 2003). As a result, numerous wind tunnel tests are performed 
to study vehicle thermal phenomena such as underhood and underbody temperature 
distribution in an effort to understand the combined aerodynamics and thermodynamics of 
the entire vehicle. Although vehicles encounter cross-winds in real world driving 
conditions, the majority of automotive climatic wind tunnel testing and development is 
performed in wind tunnels without cross-wind capability. This has therefore made it 
difficult to study in detail the effects of cross-wind on vehicle thermal phenomena. Hucho 
(1993) has noted a vehicle’s dynamic sensitivity to cross-winds through yawing moments 
imparted on the vehicle, though his research did not consider the thermal effects from the 





Traditionally aerodynamic and thermal (aero-thermal) management primarily focuses on 
under hood cooling (Costa, 2003; Kuthada and Widemann, 2008; Fournier, 2004; Khaled 
et al., 2012, etc). However, growing engine power demands, utilization of sophisticated 
underhood and underbody devices, and emission regulations all contribute to make 
underhood and underbody aero-thermal management challenging. Although air penetration 
into the vehicle underhood improves cooling of the components, it also increases the 
overall aerodynamic drag of a vehicle (Barnard, 2009d). Similar to the lack of cross-wind 
aerodynamic research, aero-thermal research is also limited. This study will investigate 
how the temperature and velocity distributions could be usefully modified through using 
aerodynamic devices such as a diffuser to further cool underbody components. 
As discussed earlier, there are thermal cooling demands specific to the battery in the rapidly 
improving field of EV and HEV technology. The vehicles are equipped with a rechargeable 
battery pack, commonly as part of the vehicle underbody, that stores electrical energy 
obtained from various means (i.e., plugging into a charging station, regenerative charging).  
However, cooling the battery pack is still one of the main challenges that require solutions. 
The specific cooling demands of batteries include uniform cooling within a desired range 
which is still difficult to achieve. There are therefore aggressive research programs 
focusing on different cooling techniques from phase-change material to liquid cooling, and 
natural and forced convective air cooling (Chan, 2007; Al-Hallaj and Selman, 2002; Park, 
2013; Pesaran, 2001, 2002; etc).  
1.2: Objectives 
The primary research objective is to study the velocity and temperature patterns at the 





was affixed to the underbody of said vehicle in cross-winds of various angles and 
temperatures. The hotplate is designed to limit the effects on aerodynamics under the body 
in order reduce the effects of this added variable on the under body flow.  This was done 
using the capabilities of the UOIT’s full scale wind tunnel at the Automotive Center for 
Excellence (ACE).  With the baseline established by the above research – studying the 
effect of a generic heat source under the vehicle – the concept is expanded in a secondary 
objective, which will study how underbody components can be cooled with the underbody 
airflow, such as differentials or battery packs. To expand on this further, the secondary 
objective will investigate if the aerodynamics benefits of existing underbody diffusers can 
be applied to improve cooling HEV battery packs.    
The summary of the objectives is as follows: 
1. To measure and analyse the velocity distributions of the air at the underbody of the 
Chevrolet Aveo5 at different yaw angles experimentally and numerically. This will 
help to understand the effects of yaw angle and ambient temperature on the velocity 
distributions. 
2. To measure and analyse the temperature distributions of the air around the 
Chevrolet Aveo5 with a heat source attached to it in order to understand the effects 
of angle and temperature on the velocity and temperature distributions, 
experimentally and numerically. 
3. To simulate and analyse the effectiveness of using   the existing underbody diffusers 






1.3: Thesis Structure 
This thesis is organized into five chapters including the current chapter. Chapter 2 
highlights literature reviewed in preparation for the thesis, noting important literature in 
the automotive aerodynamic and electric vehicle battery fields. Chapter 3 details the 
methodology of the analysis completed, both experimentally and numerically. In Chapter 
4, the discussion of the results of the analyses is reported. Finally, Chapter 5 presents 







Chapter 2: Literature Review 
2.1: Automotive Aerodynamics  
Automotive aerodynamic research has primarily focused on the exterior shape and adapting 
to economic and packaging demands (Hucho, 1993). Automobiles, despite being 
streamlined in comparison to buildings or trains, are considered to be aerodynamically 
similar; that is, they are considered to be a bluff body. A bluff body is a shape in which 
flow separation dominates the aerodynamic characteristics (Cooper, 1993). The field has 
predominantly taken drag reduction as a guideline for aerodynamic optimization: a 
reduction in drag leads to a reduction in the force resisting the vehicle from moving. This 
results in a lower required power output from the engine, and less fuel required to move 
the vehicle. In addition, drag and lift reduction improve vehicle stability and handling 
(Bearman, 1980). Drag and lift optimization typically focusses on having areas for the flow 
to attach or reattach to after separation from the vehicle body. The entire vehicle contributes 
to drag: separation off the rear contributes 25% of total drag observed; 33% of drag results 
from the wheels and wheel wells, and 10-15% of drag from the underbody (Howell et al., 
2013). 
These optimizations can focus on overall exterior shape such as height from the road 
surface, camber, tapering, and pitch (George, 1981).  It was found that by increasing the 
camber of the vehicle body – angling up the rear section of an Ahmed body, akin to an 
aeroplane wing – lift and drag will have a slight but steady increase, with slightly quicker 
increases upon the formation of fast moving vortices that encourage diffusion of velocity. 
George (1981) also found that the body mean camber line – essentially the midway line 





to an aeroplane wing. On a model with tires and a “rough” underbody – an Ahmed body 
was outfitted with strakes on the underside to disrupt the flow – shows that a rough 
underbody will reduce lift and increase drag in comparison to the smooth underbody case 
with wheels. The wheels help to enclose the vortices, increasing downforce. In addition, 
lowering the car to the road surface increased the downforce. However, the angular 
resolution used in this study was fairly coarse angular so a finer resolution was more likely 
to improve the results and reinforce the trends observed. 
Automobile aerodynamics can also be affected by additional aerodynamic devices such as 
spoilers, air dams and diffusers as exhaustively discussed by Katz (1992a, 1992b). A 
spoiler is a device made up of an upside-down aerofoil. An aerofoil typically it oriented in 
a way to cause faster moving air on top of it, and slower moving air under it, due to the 
difference in curvature of the surfaces or the angle the aerofoil makes with the air (i.e., 
angle of attack). This is done in order to create a resultant lift force based on the Bernoulli’s 
principle. Since positive or upwards lift is undesirable in the automotive industry due to 
reduction in grip they create, automotive spoilers are flipped upside down in order to 
generate increased levels of grip and control through negative lift, or downforce. Spoilers 
incur drag, due to skin friction resulting from slowing of air near a solid surface that creates 
a layer slower moving air than the freestream air called the boundary layer. In addition, 
drag can occur from the resultant force of the downforce, as at non-zero angles of attack 
there is a component of downforce acting against the direction of travel. Furthermore, 
spoilers are highly dependent on the flow separating and creating a wake. If the angle of 





aerofoil shape and therefore trails off to create a high-pressure wake, which increases drag 
and reduces downforce (Katz, 1992a). 
Note that since a spoiler is finite in length, there is an alternate path for the air to travel 
around an aerofoil in addition to the flow direction; the air can flow from on top the spoiler 
to underneath it due to the lower pressure driving the flow. This creates vortices, which 
reduce downforce by having the high pressure air act on the wrong surface. Vortices 
increase momentum diffusion, however, and this property is used upstream closer to the 
leading edge of the flow in order to increase the momentum of the flow, preventing flow 
separation (Katz, 1992a).  
Studies have also focused on “detail optimization” when improving the external body 
shape, such as the benefits of closed openings or rounded leading edges with regards to 
drag reduction (Hucho, 1993), where such optimizations saw drag coefficient 
improvements  of -0.33. All of this research is typically done through two methods: 
experimental analysis or numerical analysis. Experimental analysis is conducted through 
wind tunnels. Wind tunnels are a time-honoured method of evaluating the aerodynamics 
of a vehicle; the first tests were conducted at the turn of the 20th century and tests are still 
done today to verify vehicle aerodynamics (Cooper, 1984). Wind tunnel velocity testing 
methods are numerous (Foss et al., 2004) and run the gamut from checking velocity with 
direct (anemometers) and indirect (hot wires, pressure probes) methods (Foss et al., 2004). 
Wind tunnel design and test setup has also been highly scrutinized, for example with 
research in the field debating the degrees of turbulence required for more realistic 
simulations. Cooper (1991) suggests that an improvement on traditional wind turbulence 





axis) would be to incorporate the use of perpendicular V-shaped vane arrays that produce 
both the correct shape of turbulence and a low turbulent frequency. Using this vane array, 
the downstream turbulent velocity in the flow direction approximately 1.6m downstream 
was increased 400% compared to typical grid-based methods.  
There are limitations in having a stationary ground while performing some wind tunnel 
tests. According to Hucho (1993) a fixed ground is adequate for the study of ground 
vehicles as long as the displacement thickness of the ground boundary layer measured in 
the empty test section is less than 10% of the vehicle’s ground clearance. The effect of 
having a rolling road to simulate the relative velocity of the road to the vehicle and its effect 
on the boundary layer has also been investigated (Fago et al., 1991). With a rolling road, 
the drag coefficient was found to be relatively more constant at a variety of ground 
clearances compared to the stationary ground, with downforce showing a similar trend. In 
addition, the wake and recirculation downstream of the car is considerably elongated 
compared to the stationary case. Fago recognizes the limitations in his observations, noting 
that underbody roughness, internal flows and cross-winds may also have an effect. With 
the increasing convenience of numerical analysis, experimental analysis is often regulated 
to verifying numerical analysis because it is roughly what actually happens to the vehicle. 
Numerical analysis is conducted done using Computational Fluid Dynamics (CFD). While 
experimental data is still held to the highest standard, CFD is accepted in early stages of 
research for the purpose of testing (Costa, 2003). It is also very useful in measuring 
variables which may be difficult to measure without disturbing the flow, such as pressure, 
velocity or temperature in a closed off space. CFD modelling techniques have been 





for CFD analysis, the type of mesh used, the type of turbulence model, comparing different 
boundary conditions such as a rolling road, comparing the results using high power 
techniques such as Large Eddy simulation (Tsubokura et al., 2008)  and more. Research 
done regarding the use of CFD in automotive aerodynamics discusses the trade-off between 
computational time versus the accuracy of the result (Lanfrit, 2005; Menter et al., 2003).  
Modern methodologies of automotive aerodynamic analysis focuses on optimizing and 
automating the CFD process in order to reach upon an optimized solution faster and to 
utilize physical experiments more effectively. Lietz (2011) details an eight step process to 
approach this optimization. First, the aerodynamicist must create an analytical model and 
identify the factors to be studied, then identify which areas of the vehicle can be modified 
to produce a result desired limits – reductions in drag, in this case. The rest of the simulation 
parameters are setup (step 3) and then the simulation performed (step 4). The data is 
collected into a response surface for the fifth step, to determine the relationship between 
the multiple independent variables on a dependant variable. In this case, Lietz focuses on 
how multiple dimensions could affect drag, such as hood height, roof height, windshield 
angle, rear overhang, etc. Using the response surface, a virtual optimization is performed 
in order to reach a first iteration of an optimized design. In the seventh step, this design is 
simulated in order to confirm performance. Lastly, the data from the simulation is analysed 
(step 8). This methodology, while computationally expensive, will continue to improve 
with improvements in computational power and to the optimization algorithms.  
2.2: Automotive Underbody and Underhood Aerodynamics  
Exterior shape is not the only avenue of aerodynamic improvement; underhood flows also 





aerodynamic obstructions such as the radiator, fans, engine and accessories – collectively 
called underhood aerodynamics - contribute up to 10% of the overall vehicle drag; however 
difficulty in the trade-off between packaging, cooling and aerodynamics makes this a 
difficult area to optimize. There are a variety of studies looking at various aspects of 
underhood flow. Knaus et al. (2005) performed an investigation on the CFD codes that can 
be used throughout the design process, and how they can be used to optimize both the front 
end and cooling system design. The  Behr Integrated System Simulation was identified as 
a  one-dimensional (1D) simulation that analyses the entire system with standard objects. 
Underhood 3D is another solver that can only consider a limited geometry, but is easy to 
set up and leads to quick results. Star-CD is an all-purpose code that is highly accurate, but 
unstructured, leading to high meshing times. The intake geometry of a BMW 5 series sedan 
was studied using Underhood 3D and Star-CD. The simulations produced similar results 
with some minor differences in flow angles and depth. A maximum flow rate deviation of 
13% was observed. In addition, different oil cooler configurations were studied to show 
the impact on flow distribution on the oil cooler and its efficiency. It was found that an oil 
cooler in front of the radiator increases its performance by 33% in the high speed operating 
condition because it has a much lower intake temperature than the behind-the-radiator case 
(Knaus et al., 2005). 
Underhood design optimization methodologies have also been researched. Wille et al. 
(2010) detailed a CFD procedure to develop a vehicle through the design stages. This 
process was tested with a Porsche 911 Carrera and its inlet grills. CFD helps in these stages 
to determine the flow path. Once in the wind tunnel, the number of pressure probes and 





in order to resolve local gradients, at least 50 probes are needed – leading to a higher 
pressure loss across the radiator. Wille et al. (2010) found that 15 probes equally spaced 
around the radiator gave the best balance between pressure loss and inhomogeneity. 
Comparing the flow through the side inlets versus the center inlet across all of the tests, 
they determined that the 1D, CFD and wind tunnel measurements are close in detailing the 
difference in flow between the two configurations. 
Barnard (2000) detailed a theoretical and practical approach to determining relationships 
regarding drag in automotive cooling systems. Theoretically, for low outlet to frontal 
opening area ratio, the core area to frontal area ratio should be as large as possible. His 
study tested the effects of cooling components on drag with an Ahmed body. The radiator 
was modelled by a wire mesh grid. It was observed that outlet geometry and size have an 
effect on the drag and velocity of the air, respectively. Various effects were theorized and 
tested, such as the influence of outlet aperture size, outlet geometry, placing a low pressure 
region in the back face (done with a blanking plate to cover half of the outlet), influence of 
inlet area and heat addition. The theoretical models correlated well with the experimental 
data. It was also found that the drag was lower for a smaller area and at a non-horizontal 
exit angle, as predicted. In addition, the drag reduced with the introduction of the low 
pressure region at the exit, though it was difficult to model as the change in pressure 
coefficient was not known. Inlet area, as detailed in the theoretical derivations, had little 
effect on the drag. 
Improvements of underhood testing methodologies have been investigated, similar to 
improvement in testing external flow.  Propeller anemometers, while often used, have high 





vehicle aerodynamics. Their technique measures the total pressure on the front of the 
radiator and the static pressure on the back of the radiator (done by facing the rear probe 
opposite the flow on the rear face of the radiator). The setup was tested against a propeller 
anemometer array in various test setups such as having the fan and shroud installed, the fan 
running, an air dam installed and blocked and an unblocked grille. The flow was visualized 
with wool tufts. Similar flow patterns when compared to the propeller anemometer were 
recorded, with an average 23% variance between the propeller anemometer and pressure. 
This difference was attributed to the large propeller anemometers used, which lack 
accuracy, and spatial resolution. 
Despite the large grill openings at the front of the car, the fan still dominates the flow 
pattern underhood.  Siqueira et al. (2002) reported a numerical simulation using the CFD 
program Star-CD of the underhood flow for a DaimlerChrysler truck with the purpose of 
establishing a precedent for future studies during the concept phase of vehicle design. The 
truck was analysed under two conditions; with the truck at a standstill with the fan running 
and with the truck moving when the engine is producing maximum torque with the fan 
running. The heat exchangers (radiator, condenser, and intercooler), engine, fan and cabin 
truck were modelled for this study. The results indicated that for both test conditions the 
flow pattern under the hood are very similar, showing similar regions of recirculation and 
flow re-attachment. These explained that the fan influences flow the most under the hood, 
so the flow looks similar in both cases. 
Compared to the rest of the field, research on underbody aerodynamics is limited, being far 
outclassed by underhood and external aerodynamics. Air dams are used to reduce the 





downforce due to the decrease in pressure underneath the vehicle (Katz, 1992b). Diffusers 
are used to modify the flow under the vehicle by accelerating it at the entrance of the 
diffuser and slowing the flow down at the exit of the diffuser. Slowing down the air, as 
discussed earlier, increases its static pressure and thus reduce pressure drag. Designing 
diffusers with sharp edges helps to create strong vortices off of the edges thus encouraging 
the flow to remain attached to the diffuser (Katz, 1992b).  
The majority of underbody analysis is split into two distinct methods: research on highly 
generalized vehicle models, such as the Ahmed body (Jowsey and Passmore, 2010), and 
research on specific vehicle models. For example, a study reported a general design 
guideline for the optimal dimensions and geometry of an automotive underbody diffuser 
for low drag and high downforce using an Ahmed body (Jowsey and Passmore, 2010). 
They performed experimental studies, suggesting diffuser angles between 13-16 degrees 
for single-channel diffusers and 16-19 degrees for multiple channel diffusers.  It needs to 
be reiterated that this is optimized for an Ahmed body. 
Alternatively, research can focus on improving existing vehicles. For example, Kang et al. 
(2011) reported on the design of an active diffuser that changes shape depending on 
velocity, resulting in an improvement of up to 4% drag reduction on a specific Hyundai 
model. Further underbody aerodynamic research involves improving the understanding of 
features such as the flow in wheelhouses and around the tires (Regert and Lajos, 2007), 
and optimizing the Ahmed Body (Beaudoin and Aider, 2008). The common theme in 
underbody aerodynamic research is to reduce overall drag and increase downforce as 
optimizations with the exterior shape and underhood are becoming more marginal. In 





research in the underhood, due to the high cooling demands of the engine. There are also 
some components under vehicles that require cooling (e.g., differentials, battery packs). 
However, there is no real focus on how to link underbody aerodynamics to the thermal 
demands of these underbody components. 
2.3: Aero-thermal Research 
The engine and related components, such as battery packs, differentials, heat exchangers, 
etc. have cooling demands that are met through air-to-air or air-to-fluid cooling (Talom and 
Beyene, 2008). This field is called aero-thermal research. The majority of research in the 
field focuses on the underhood layout for optimizations. This is largely due to the vast 
improvements that can be made in these areas with respect to drag reduction and control 
of underhood temperatures. Later studies looked at the interaction between external and 
underhood flow. Costa (2003), explained how computational fluid dynamics (CFD) can 
help with the positioning of components, exterior design, and powertrain cooling system 
design. His study detailed a method to analyse and improve underhood thermal 
management in vehicles using CFD tools. There are many different CFD codes used in the 
industry; however Costa focused on Underhood 3D, a Ford Motor Company proprietary 
program. This study reviewed the front end design of a variant of a small SUV, using the 
original design as a base and optimizing the under hood flow. The final design utilized an 
air dam under the radiator to create a low pressure region behind it to remove the hot air 
from the cooling pack and an air deflector in the hood to direct the flow into the intake. By 
the CFD analysis, these improvements reduced the underhood temperatures by 20%. 
Kuthada and Wiedemann (2008) reported recent discoveries regarding drag as observed 





performed on the vehicle, showing that the cooling airflow at the front of the vehicle 
changes the drag the most, though the force generated by the heat exchangers (the charge-
air cooler, AC condenser and radiator in this study) is only a small percentage of the total 
change. The investigation of the rear end shows that different shapes (notchback and a 
squareback) had different cooling air drag values, independent of the cooling air flow 
speed. Kuthada and Wiedemann (2008) also tested whether a moving ground experiment 
has an effect on cooling air drag. When considering a road simulation, the effects of the 
different rear end designs on drag and cooling air pressure are minimal.  
Nobel and Jain (2001) proposed a design methodology to improve the efficiency of 
underhood thermal management design using CFD techniques. With this simulation, 
learning where components should be located in the underhood can be determined early in 
the process when physical prototypes may not yet exist. Importing models from 
Unigraphics into Fluent, one must define the boundary conditions for the problem in order 
for Fluent to use the linearized Navier-Stokes equations. Despite the relative ease of 
modelling the underbody components like exhaust piping or gas tanks, some components, 
like the radiator, are not fully modelled because of the high level of detail required. Instead, 
the radiator is treated like a porous material, with macroscopic cells representing the 
varying temperature (and thus heat distribution) along the core. CFD can also model the 
fan by using the multiple reference frame method to consider the rotation of the fan as well 
as any translation and velocity in the frame itself. The modelling methodology was 
demonstrated on a large international heavy-duty class truck. The CFD results compared 





rejection being 4% lower and the charge air cooler temperature was 9K lower in the CFD 
model (Nobel and Jain, 2001). 
In a much smaller scope of work, underhood research has also looked at the effects on the 
surrounding conditions that affect the underhood aerodynamics, such as road inclination. 
Khaled et al. (2010) reported on using simple models to determine the underhood 
temperature distribution at different inclinations. The vehicle was raised in the rear 1 cm 
for the downhill condition, and raised 1 cm in the front for the uphill condition. These 
models were then verified against wind tunnel measurements where the vehicle was 
instrumented with 80 thermocouples and 20 fluxmeters to measure component 
temperatures and air temperatures. This study aimed to capture the temperature and total 
(convective and radiative) heat flux underhood at constant-speed driving, slow-down and 
thermal soak phases of each thermal functioning point. The error between the experimental 
and predicted results for the temperatures and heat flux are 3.6% and 3.7% respectively. 
Another study investigated the ambient effects such as varying humidity, turbulence and 
cross-winds on a Chrysler vehicle (Lan and Srinivasan, 2009).  Despite standardized 
thermal road trip tests, the inlet air velocity profile and ambient temperature conditions 
change dramatically, affecting the thermal conditions of the vehicle. The analysis was 
conducted using CFD to study the free stream effects, with the goal of understanding 
prototype results more accurately in addition to improving future CFD modelling by 
selecting appropriate boundary conditions. The study looked at 10 underhood and 
underbody components; two in front of the engine, five behind the engine, one at the mid-
underbody, and two at the rear underbody. A standard k-𝜀 turbulence model is used. A 





turbulence intensity and length scale at 1% and 0.33m respectively. Following this, ambient 
temperature, turbulence intensity, length scale, tail winds, perpendicular cross winds, and 
blockage ratio (defined as frontal area as a ratio of wind tunnel area) were varied and 
studied. Ambient temperature, tail wind speed and turbulence intensity has a direct 
correlation with underhood and underbody temperatures; increasing either ambient 
temperature, tail wind speed or turbulence intensity leads to an increase of component 
temperature. Turbulent length scale and perpendicular crosswind have little effect on 
component temperatures. However, blockage ratio has an inverse effect on temperature. 
For cross-winds studies the focus is more on larger, broadsided vehicles where more effects 
can be felt, such as trains and transport trucks (Baker, 1991a; 1991b; 1991c). For specific 
passenger vehicles, such as the one studied in this thesis, specific research is much more 
limited.  
Lin et al. (1997) studied the effects of crosswinds on engine cooling through the Specific 
Dissipation parameter. The car engine was not in operation but a hot coolant was cycled 
through the radiator to simulate it. Thermocouples measured the inlet and outlet 
temperature of the coolant. The test was performed in 5 degree increments from 0 to 20 
degrees on three different vehicles, at relative wind velocities of 14, 19, 28 and 33 m/s. 
Specific Dissipation was used to measure how crosswinds affect the engine cooling system. 
Specific Dissipation is as follows (Lin et al., 1997):  
 𝑆𝐷 = 𝑄/(𝑇ℎ𝑜𝑡,𝑖𝑛 − 𝑇𝑐𝑜𝑙𝑑,𝑖𝑛), (1) 
where Thot,in and Tcold,in are the hot and cold fluid inlet temperatures of the heat exchanger, 





end configuration and angle affects the heat dissipation, with dissipation decreasing with 
angle. The Specific Dissipation increases with velocities tested, with a maximum decrease 
in on car of 13% at the maximum yaw and velocity (33 m/s and 20 degrees yaw). On-road 
tests were also conducted, which confirmed the experimental results. 
2.4: Electric Vehicles and Battery Cooling  
Electric vehicles are propelled by electric motors as opposed to typical gas-powered 
vehicles. However, the distance an electric vehicle can travel when fully charged is 
severely limited compared to a traditional gas-powered vehicle. This is due to the limited 
battery energy density (Chan, 2007). This has led to the development of hybrid electric 
vehicles. Hybrid electric vehicles combine the powertrains of an electric vehicle and gas 
vehicle (Chan, 2007). An electric motor can be combined in series with the gas engine, 
where the engine acts as a generator for the electric motor. The electric motor can also be 
in parallel with the gas engine, where propelling the vehicle can come from power from 
either of them or a combination of both. More complex hybrids can result from additional 
generators or energy recouping methods. Hybrids can be categorized per power level 
generated by the electric motor, or by electric energy replenishment methods (Bitsche and 
Gutmann, 2004). The main issue with hybrids is the challenge of cooling battery packs. 
The battery packs consist of numerous cells that store and discharge energy to drive the 
electric motor depending on the driving demands. The charging and discharging rates of a 
cell depend on the temperature of the individual cell. However, the energy requirements 
from the vehicle apply to the whole battery pack. If an individual cell is charging at a 





the cell resulting in damaging it. This therefore reduces the capacity of the battery (Pesaran, 
2001). 
To prevent these temperature localizations, the batteries are also required to be maintained 
at a consistent and uniform temperature. Various cooling methods are being explored, such 
as air cooling, liquid cooling and phase change materials. Air cooling is simply done with 
air blowing over the modules. Air cooling methods have focused on using fans to influence 
the air. Passive air cooling refers to not heating or cooling the cabin air before it enters the 
battery. Active cooling takes fresh cooling air from outside the vehicle through an auxiliary 
air heating/cooling system first in order to send the air to the battery at an appropriate 
temperature (Rao and Wang, 2011). Heating a battery is important because batteries should 
be within an operating range. The ideal range for a lithium-ion (Li-ion) battery pack is 
between 25⁰C to 45⁰C (Persaran et al., 2003). Liquid cooling can have a specially designed 
battery with jackets between each of the cells or a jacket around all of the modules, or direct 
contact with a non-conductive fluid. While the heat transfer rate of liquids is generally 
much higher than air for a given mass flow rate, the associated increase in viscosity and 
the resulting increase in required pumping power to circulate the cooling fluid generally 
reduce mass flow rates for liquid cooling. Thus liquid cooling generally is only 150%-
300% more effective than air cooling (Pesaran et al., 2001).  
Use of external aerodynamic devices such as diffusers to treat the air and influence the 
incoming cooling air is limited. Air cooling methods primarily focus on channelling the air 
through the battery pack cells to maximize the effectiveness of the cooling mechanism. 
Park (2013) for example, numerically evaluates the design of six different tapered air 





throughout the battery. He observed a nearly 70°C reduction in temperature with the 
optimized design, which had an added ventilation duct, and only an 18°C temperature 
difference throughout the battery pack. 
Pesaran et al. (1999) reviewed a battery pack cooling system design methodologies. To 
begin designing a battery thermal management system (BTMS), the designer should follow 
a systemic approach where the design goals are first clearly detailed, such as desired 
temperature, temperature difference, component sizing, etc. The heat generation of the 
module should be estimated or measured, at which point initial numerical analysis can 
begin to determine temperatures, flow rates (if internally cooled), pumping power required, 
or whatever is of focus. With the initial results, prototyping, both on-bench and on a 
dynamometer, should follow to confirm the numerical analysis, with optimization from 
lessons learned in prototype testing. Attention must be paid to vehicle constraints; similar 
to aerodynamic optimization, BTMS design is highly dependent on packaging with drastic 
design changes (such as having to move from air to liquid cooling) possible depending on 
the amount of room available for the system. As a rough guideline, parallel HEVs can 
suffice with air-cooling, likely due to their smaller battery size, whereas series HEVs and 
EVs require the more robust cooling liquid cooling provides (Pesaran et al., 1999). 
A well-known issue with air cooling is the resulting temperature gradient in the battery that 
occurs as the air continues to move downstream. As the air heats up as it moves down 
stream it becomes less effective at extracting heat from the battery. Research has found that 
by reciprocating the air – that is, having the air alternate the sides it enters the battery to 
begin cooling it – can reduce cell variance by 4⁰C or 72% (Mahamud and Park, 2011). An 





the battery is to look at external cooling of the battery pack. External cooling in this context 
implies exposing a surface of the battery pack to the incoming air from under the vehicle. 
By externally cooling part of the battery, it could potentially reduce cooling by forced 
convection and hence reduce the associated energy usage. 
Overall, the gap in research appears to be the link between underbody temperature and 
cross-winds for various underbody devices. Aerodynamic research typically focusses on 
the exterior body for improvements, and research that does link aerodynamics and 
thermodynamics focuses on the underhood region with   the high cooling demands from 
the engine, not under the body. This is despite heat producing devices underbody such as 
a battery pack in an EV or HEV. Furthermore, cross-wind research aerodynamically is 
limited, and no research found linked cooling of any kind to yaw angle, only pitch. Thus 














Chapter 3: Methodology 
The methodology for this thesis comprises of two approaches: the experimental 
measurements, and the numerical simulation. Experiments were conducted in the wind 
tunnel. The temperatures were monitored with thermocouples. Go-pro video cameras were 
used to record the underbody flow pattern using flow visualisation tufts. For the numerical 
analysis a CAD model of the vehicle was created in NX. This model was imported to the 
meshing program ICEM in order to discretize the domain, in which the solver Fluent was 
used to perform the calculations of the case. The results were post processed to visualize 
the velocity and temperature results in order to compare to the experimental data and to 
provide further insight into the velocity and temperature results. 
3.1: Experimental Measurements 
3.1.1: Experimental Test Facility 
The tests were conducted in the climatic wind tunnel (CWT) in the Automotive Centre of 
Excellence (ACE) at the University of Ontario Institute of Technology (UOIT). The CWT 
is the world’s only full-range CWT that incorporates a dynamometer in a large turn-table 
for yaw testing. The vehicle was mounted on the 11.7 m turntable and the dynamometer. 
The nozzle of the wind tunnel can be expanded from a minimum of 7 m2 to a maximum of 
13 m2 in order to test a variety of vehicle sizes and shapes at a maximum speed of 250 
km/h. The climatic aspects of the wind tunnel range the gamut from a 100 ⁰C temperature 
range (from -40 0C to 60  0C), relative humidity from 5-95%, a solar array to simulate the 





The CWT was designed with a boundary layer removal system to reduce the size of the 
boundary layer for all possible configurations. For example, the final design resulted in a 
boundary layer only approximately 100 mm thick at 7.5 m away with the nominal nozzle 
size (9.3 m2) and a wind speed of 100 km/h (Best et al., 2013). In addition, the air exiting 
the nozzle is highly uniform; the static pressure variance across the nominal nozzle area is 
only 0.01 Pa and the temperature variance is a maximum of 0.2 0C (Best et al., 2013). The 
displacement thickness 2 m from the inlet entrance is only 5 mm tall, far less than the 300 
mm ride height of the vehicle and thus acceptable by Hucho (1993). 
 
Figure 3.1: The test vehicle inside the climatic wind tunnel. 
The 2005 Chevrolet Aveo5, which is the test vehicle, was tested at two different 
temperatures, 10 0C and 50 0C, two wind speeds of 50 km/h and 100 km/h, and five 
different yaw angles: -29.20, 00, 80, 15.60, and 29.20.  The vehicle was strapped down to the 
turntable using ratchet straps at the rear of the vehicle while at the front of the vehicle 
aircraft cable was used to anchor the vehicle down to prevent it from lifting while exerting 





further the understanding of the flow-field in cross-winds given the previously noted 
limited research currently available. Because of the large yaw angles involved in the test, 
the 13 m2 (2.9 m × 4.5 m) nozzle was used for the tests. Figure 3.1 is a picture of the test 
vehicle in question in the climatic wind tunnel. 
3.1.2: Experimental Test Vehicle Instrumentation 
The test vehicle was outfitted with a hotplate affixed to the gas tank under the vehicle as 
shown in Fig. 3.2. The hotplate measured 20 cm long by 20 cm wide by 2.5 cm thick and 
was made of aluminum. Four K-type thermocouples were embedded at each edge of the 
plate at approximately half the depth of the plate (12 mm) to record the temperature. Based 
on preliminary tests the power supplied to the hotplate was limited to 1000 W to avoid 
melting of the car’s gas tank which was made of acrylonitrile butadiene styrene. 
 
Figure 3.2: The hot plate attached to the gas tank under the vehicle. 
In all 137 K-type thermocouples were installed around the hotplate and vehicle underbody 







have an error range of 2.2 ⁰C (Ripple, 1995). A square array of thermocouples 10 cm apart 
covering the vehicle’s underside from the front axle to the back side was used. Finer arrays 
of thermocouples at 3 cm apart were used around the hotplate as shown in Fig. 3.3 for 
better capture temperatures close to it. All the thermocouples were placed 5 mm away from 
the surface of the underbody so they are approximately inside airflow boundary layer. A 
few thermocouples were located at the radiator, hood, front bumper, side-view mirrors, the 
centre of the roof, in front and behind the rear wheel wells for reference. The thermocouples 
were connected to a bank of nine Ipetronik M-Thermo K-type 16 channel modules. These 
modules were then connected to a data acquisition system called TALENT Test 
Automation System supplied by ReACT Technologies Inc. The thermocouples were 
calibrated and each one checked in advance of the test by comparing their temperature 
readings to a known temperature.  Figure 3.3 shows the position of the instrumented 
thermocouples under the body. 
Two Aeroprobe 5-hole pressure probes were also used to measure the wind speed and 
direction; one at the driver side of the vehicle and the other at the passenger side. The 
probes were mounted at the distance of 10 cm from the underbody surface. They were 
located approximately 1860 mm downstream of the front axle of the car. The driver side 
probe was approximately 30 cm from the driver side edge of the car while the passenger 
side probe was approximately 65 cm from the passenger side edge of the car, as shown in 
Fig. 9. In addition, tufts of approximately 5 cm long and 3 mm wide were affixed to the 
underside of the vehicle for flow visualization.  
An infra-red camera (model IRXP 5000) with a wide angle (61.90) lens was used to 





embedded thermocouples in the hotplate. This infra-red camera was mounted in a custom 
window in the turntable under the vehicle. A second custom window was made in the 
turntable for three video GoPro cameras for the flow visualization. The three cameras have 
the following specifications: One GoPro Hero Camera with 1280 × 960 pixels resolution 
and 170° angle of view and two Go-Pro Hero 3 Cameras with 1280 × 960 pixels resolution 
and of 149.2° angle of view. 
 
Figure 3.3: The vehicle underbody, showing the flow direction, position of the hotplate 







3.1.3: Test Matrix 
The experiments were conducted at a variety of yaw angles, wind speeds and tunnel 
temperatures. Table 1 contains the detailed test conditions including 18 tests in all. 
Table 1: The test matrix. Tests marked with a * indicates non-rotating wheels for that test. 
 

















5* 0 0 
6  0 
7 100 8.0 
8  15.6 












14* 0 0 
15  0 
16 100 8.0 
17  15.6 






3.2: Numerical Simulation 
3.2.1: Numerical Introduction 
The flow in this study is predominantly turbulent. Although analytical solutions for 
turbulent flows are not yet possible, on the basis of the continuum fluid assumption, the 
dynamics of turbulence is adequately described by the continuity and Navier-Stokes 
equations. Approximate solutions of the Navier-Stokes equations can be obtained using 
numerical methods known as Computational Fluid Dynamics (CFD). The solution is 
implemented by generating a mesh of the region of interest or domain. This is done by sub-
dividing the domain into a set of discrete volumes and points. The governing equations are 
then discretized yielding a system of algebraic equations which can be solved at each point 
within the domain. In this thesis, the goal of the CFD study is to obtain trends that can be 
compared with the experimental measurements. In addition, because the experimental 
technique obtained only point-wise data the CFD technique provides the whole field and 
comprehensive data to complement the experimental data.  
3.2.2: Governing Equations 
As mentioned earlier, the air flow is turbulent and therefore requires the use of the 
Reynolds-Averaged Navier-Stokes Equations (RANS). Since the temperature field is also 
of interest, the Reynolds-Averaged Energy equation is solved as well.  






















The air in the simulation is assumed to have ideal gas behaviour, for which the equation of 
state can be written as, 
 𝜌𝑅𝑇 = 𝑊(𝑝 + 𝑝𝑟𝑒𝑓) (5) 
Since the flow in the problem is assumed to be fully turbulent an appropriate turbulence 
model is required. In this study, as mentioned earlier the eddy viscosity-based Shear Stress 
Transport (SST) turbulence model available in ANSYS Fluent was employed because it 
combines the strengths of the standard k-ω and k-ε models. The equations in Fluent for 
turbulent kinetic energy and eddy viscosity are as below: 
 𝜕𝜌𝑘
𝜕𝑡
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where C1, C2, α, σk and σω are the model constants, and the eddy viscosity is related to the 
turbulent kinetic energy and the eddy frequency as follows. 
 𝜇𝑡 = 𝑓(𝑘, 𝜔) (8) 
The commercial CFD software Fluent was used in this study because of its flexibility and 





state. Convergence is judged against the normalized continuity, momentum and energy 
residuals and is considered converged when these residuals have been reduced to 1×10-6.  
3.2.3: Geometry and Boundary Conditions 
This study investigates a steady-state air flow and temperature distribution around a test 
vehicle in ACE’s climatic wind tunnel. A steady state simulation was performed in order 
to simulate the typical highway condition, where a vehicle is travelling at a relatively 
constant velocity. The full geometry is depicted in Fig. 3.4. The full scale wind tunnel and 
vehicle were simulated. The dimensions of the wind tunnel or domain are 13.5 m wide by 
7.5 m tall by 20.1 m long.  
 
 











In a CFD simulation the term "wall" refers to any solid surface that the flow cannot 
penetrate and thus includes the walls, the floor, ceiling, and surfaces of the test vehicle. 
The following is a summary of the boundary conditions that have been applied to the 
model. The no-slip boundary condition is applied to the floor and all surfaces of the test 
vehicle. A constant average temperature was applied to the hotplate. The inlet velocity 
must be specified to obtain the desired value of Reynolds number. Two velocities were 
tested. A uniform wind velocity of 13.9  m/s (50 km/h) was used for the 0 and 29.2 degree 
yaw tests in order to further understand and visualise the flow. For the 8 and 15.6 degree 
yaw tests, 27.8 m/s (100 km/h) was used as the wind speed to investigate the interesting 
experimental trends observed that will be discussed in Chapter 4. Both these values were 
chosen to be consistent with the experimental values used; the velocities were specified in 
absolute terms relative to the origin. The Reynolds number was based on test vehicle length 
of 2.48 m and viscosity of the air was Re = 2,282,349 for the 50 km/h test and Re = 
4,564,698 for the 100 km/h test. In addition, the inlet turbulence intensity was set to 1% as 
suggested by Lan and Srinivasan (2009) and from expert advice from Aiolos engineers 
about the turbulence in the wind tunnel they designed. The outflow condition was specified 
as zero relative pressure at the domain outlet. The other boundary conditions include 
specification of pressure at the outlet plane (Fig. 10), 10°C ambient temperature at all 
surfaces aside from the hotplate (which was specified at the average of the four 
thermocouples embedded in the hotplate). The pressure boundary condition was 
implemented by setting the pressure gradient to zero at the outlet and the surrounding walls 





For the underbody battery pack cooling cases, all cases were analyzed at a wind speed of 
100 km/h. This is to approximate the highway cruise condition, in which air cooling would 
be effective due to a higher convective heat transfer rate. The heat flux specified from the 
battery pack surface was 245 W/sq.m, as suggested by Park (2013). The surrounding walls 
were set to a pressure outlet with a zero target mass flow rate and the outlet was set to a 
pressure outlet where the solver calculates the mass flow rate. The inlet air temperature and 
ambient temperature were both specified as 300K. 
3.2.4: Mesh Generation 
The meshing of the domain is a very important step since various meshing parameters, such 
as the number of nodes and the shape of the elements have a significant impact on the 
accuracy of the results and the numerical behavior of the solution. A fine unstructured 
tetrahedral mesh was generated using ANSYS ICEM to resolve all flow features of interest. 
This process was repeated for the different angles outlined in the test matrix above and for 
the diffuser tests.  
The diffuser was designed to be a single channel diffuser at the optimal angle of 14.5° as 
suggested by Jowsey and Passmore (2010). The mesh resolution at various locations within 
the geometry is shown in Fig. 3.5. Flow along the various surfaces in the space is resolved 
by using a finer mesh size around those obstacles while the boundary layers along all 
surfaces are resolved by clustering 10 layers of prismatic elements near the walls (shown 
in Fig. 3.6). The prismatic layers are also adjusted such that the first node is 0.6 mm away 
from the wall. This wall node spacing yields a dimensionless wall distance of y+ ≤ 11, 





SST turbulence model (ANSYS, CFX-5 Manual). The total number of elements used for 




Figure 3.5: Unstructured tetrahedral mesh. (a) side view of the car, (b) close up side view 
of front of the car, (c) close up side view of rear of the car (d) close up view of exhaust 
piping with two cut planes, (e) front view of the car with two cut planes, (f) close up on 










Figure 3.6: Prism layers on the trunk of the vehicle. 
 
The quality metric used by ICEM is calculated such that perfectly regular elements have a 
quality value of 1, while values close to zero indicate degenerate elements. In practice a 
mesh that is composed of elements above a quality of 0.2 is considered acceptable 
(ANSYS, CFX-5 Manual). The quality histogram is shown in Fig. 3.7 along with the node 
and element counts for the mesh. From the histogram shown below it is evident that less 
than 0.1% of the elements have a quality below 0.2 implying that the quality of the mesh 
















Figure 3.7: Quality histogram for the a.) 0 yaw, b.) 8 yaw, and c.) 15 yaw meshes. 


































Chapter 4:  Results and Discussion 
In this chapter, the data obtained through experiments and numerical simulation are 
analyzed and discussed. The chapter is divided into three main sections consisting of 
experimental and numerical results. Section 4.1 discusses the experimental results 
comprising velocity and temperature distributions of the underbody of the Aveo5 at various 
yaw angles. The numerical simulation results are discussed in Section 4.2. This section 
focuses on the velocity and temperature distributions of the underbody of the Aveo5 at 
various yaw angles to complement the experimental results in regions where it was 
impossible to obtain data experimentally. Finally, Section 4.3  discusses the numerical 
analysis performed in understanding the effect of an underbody diffuser on the cooling of 
a battery pack.  
4.1: Experimental Results 
4.1.1: Temperature Distribution of the Hotplate 
For each test the infrared thermal imaging cameras were used to record images of the 
temperature distribution on the hotplate. Fig. 4.1 is comprised of images of temperature 
contours of the hotplate for the four selected test conditions indicated. Note that the vertical 
strip on each image is not part of the hotplate but rather the location of the strap that was 






Figure 4.1: Temperature contours of the hotplate at selected test conditions seen by the 
infra-red thermal camera. (a) 0⁰ yaw, (b) 8⁰ yaw, (c) 29.2⁰ yaw and (d) 15.6⁰ yaw. 
The figure shows that in general the temperature of the hotplate is uniform over the entire 
plate. The variations among the contours are within 10%. This is therefore consistent with 
the design requirement. In addition, four thermocouples were embedded inside the hotplate 
along the middle of each side: ET1, ET2, ET3 and ET4 (see Fig. 4.7), respectively for 
monitoring the temperature. These thermocouples were used to determine the steady state. 
The temperature values of the thermocouples are plotted as shown in Figs. 4.2 and 4.3 for 
two selected test conditions. Figure. 4.2 and 4.3 show that the temperature of these 
imbedded thermocouples is consistently higher than the surface temperature reported in 
Fig. 4.1. This is expected since they are closer to the heating elements in the hotplate. The 
































4.2 and 4.3. This can be attributed to flow stagnation at the leading edge of the hotplate. 
This reduces the ability of the wind to cool the plate by convection and hence the high 
temperature recorded. Note that the plate is a like bluff body at the underside of the test 
vehicle. On the other hand, the thermocouple on the trailing edge of the hotplate (ET2) has 
the lowest temperature (Figs. 4.2-4.3). This is probably because separated flow reattached 
to the plate at that point thus cooling the plate more through an increase in convective heat 
transfer coefficient. At zero yaw the temperatures are the highest and decrease with yaw 
angles greater than zero. This is also attributed to flow separation at the leading edge at 
zero yaw resulting in less cooling. However, as the angle increases the hotplate is more 
exposed to direct airflow from the wind tunnel which results in more cooling of the hotplate 
(Figs. 4.2-4.3). As expected the data also show variation with the ambient temperature as 
the 50oC condition recorded higher values than 10oC ambient temperature condition.  
 






























Figure 4.3: Hotplate temperature at different yaw angles. 
 
4.1.2: Temperature Distributions of Vehicle Underbody 
Temperature data are reported in Figs. 4.4-4.6 to provide information about the underbody 
temperature distribution for the three cases indicated: 0° yaw, 50 km/h and 10°C (Fig. 4.4), 
15.6° yaw, 50 km/h and 10°C (Fig. 4.5) and 29.2° yaw, 50 km/h and 10°C (Fig. 4.6). In 
general only the temperatures of the thermocouples in the vicinity of the hotplate are most 
affected by the hotplate. In fact, the temperature recorded by majority of the thermocouples 
is not significantly different from the ambient temperature. This is expected because of the 
small size of the hotplate and direction of the airflow. At 0o yaw (Fig. 4.4), the temperature 
is relatively evenly distributed at both the driver and passenger sides of the hotplate. It 
clearly shows that the heat was convected from the hotplate to the thermocouples at the 
downstream end of it as expected. The figure also shows that the thermocouples behind the 
beam axle of the rear suspension remained the same as the ambient temperature values. 





























airflow direction and heat was expected to be convected to them. As will be explained later, 
it was observed that the rear axle of the test vehicle was unusually low and therefore 
blocked convected heat from reaching the thermocouples behind it. In fact, smoke 
visualization, the results of which are not reported here, also confirmed this phenomenon. 
In Figs. 4.5-4.6, the yaw angles were increased and exposed the driver side of the hotplate 
to the nozzle airflow, which then convected the heat from that side of the hotplate to the 
downstream end of the passenger side. It was expected that the heat would be convected 
across the hotplate diagonally to the driver side and this occurred. When the direction of 
the yaw angle changed to negative 29.6o the trends described above were reversed as 



























Furthermore, the trends remained similar even when the road speed and ambient 
temperature were increased to 100 km/h and 50 oC, respectively.  
In addition to the qualitative trends discussed above, the actual temperature values were 
plotted with yaw angles to provide quantitative information on the effect of cross-wind on 
the temperature distribution as shown in Figs. 4.8-4.11. As mentioned earlier, only a few 
thermocouples close to the hotplate recorded significant temperatures above the ambient 
values. Thus the focus of this section is the area in the vicinity of the hotplate. For 
convenience the thermocouples are numbered T1 to T11 as indicated in Fig. 4.7.  
 
Figure 4.7: A picture of the mounted the hotplate and labels of the most sensitive 
thermocouples recorded in the experiments. 
 
Figure 4.8 shows the temperatures measured by the selected thermocouples at 50 km/h road 
speed and 10⁰C ambient temperature. Recall the yaw direction is shown in Fig. 3.3 in which 
the incoming air increasingly points towards the driver side with increasing yaw angle. As 
the yaw angles increased from 0o to 15.6o the temperature of the passenger side (T3, T6, 





and T10) generally decreased. This is consistent with the qualitative observation made in 
the previous section. As explained earlier, when the yaw angle increased the driver side of 
the hotplate was exposed more directly to the nozzle airflow, which convects the heat from 
the hotplate to the thermocouples at the passenger side, thus the higher temperature 
readings. From Fig. 4.7, one might suspect the air to blow diagonally across the hotplate to 
the thermocouples at the passenger side and this exactly occurred.  
However, increasing the yaw angle further to 29.2o resulted in a decrease in all the 
temperature values. The large yaw angle obstructed the hotplate from the full impact of the 
airflow unlike the case for the 15.6o yaw. This resulted in less heat convected and hence 
the decrease in temperature. Switching the yaw angle to negative 29.2o gave trend roughly 
opposite those described for the positive 29.2o. Note that the profiles are not symmetric due 
to the asymmetrical nature of the underbody. This change in physical arrangement could 








Figure 4.8: Underbody temperature distribution for selected thermocouples at different 
yaw angles. 
 
Figure 4.9 shows the temperature profiles for 100 km/h and 10⁰C temperature. Note that 
only three angles were tested in this case. Overall, the most noticeable trend is the much 
tighter spread among the temperatures. However, the trends are similar to those described 
earlier for the 50 km/h speed. Thermocouples T6 and T11 again recorded the highest 
temperatures. This suggests that in comparison with the 50 km/h test the yaw angle has a 
greater impact on the temperature distribution than road speed. The slight dip for 8o yaw 
test is not understood but it can be speculated that the orientation of the hotplate restricted 







































Figure 4.9: Underbody temperature distribution for selected thermocouples at different 
yaw angles. 
 
The temperature profiles for 50 km/h road speed and 50oC ambient temperature are shown 
in Fig. 4.10. By comparing this figure with Fig. 4.8 it is evident that the ambient 
temperature has quite an effect on the temperature distribution. The temperature values are 
highest for the 0o yaw unlike in Fig. 4.8 where the highest temperature was at 15.6o yaw.  
In addition, a number of thermocouples including T3, T6, T9 and T11 at the passenger side 






































Figure 4.10: Underbody temperature distribution for selected thermocouples at different 
yaw angles. 
 
Finally, Fig. 4.11 details the temperature results from the 100 km/h and 50⁰C case. The 
temperature profiles have similar trends as those described in Fig. 4.9 except that the values 
did not increase from 8⁰ to 15.6⁰ but rather remained nearly constant. 
To examine the effect of rotating and non-rotating wheels, the same yaw angle was 
maintained and only the rollers (simulating the road in other tests by rotating the tires) were 
turned off. These comparisons were made at 100 km/h at 10°C and 50°C ambient 
temperature at 0⁰ and 15.6⁰ yaw. At both yaw angles and 10°C, the effect of stopping the 
wheels was negligible and no appreciable variance in temperature was recorded. However, 
at 50°C there was a noticeable effect with the thermocouples at the passenger side recording 





































case. The results suggest that rotating wheels can help to cool the hot-plate further as the 
wheel motions acts to drive the air from out of the wheel well.  
 
 
Figure 4.11: Underbody temperature distribution for selected thermocouples at different 
yaw angles. 
 
4.1.3: Flow Visualization with Tufts 
The flow visualization was conducted using tufts to provide whole-field flow patterns to 
qualitatively represent the local flow direction under the vehicle. The figures shown below 
are screen captures of videos obtained by the GoPro cameras described in Section 3.2. 
Three cameras were employed and were positioned to capture images across the entire 
width of the test vehicle underside. All the cameras were at approximately 1.8 m 
downstream of the front axle of the test vehicle. The approximate field of view of each 





































angle probes at the driver side and passenger side are presented for convenience. Note that 
the images have the fish-eye effect and are therefore a bit distorted at the edges so that the 
directions of the tufts are not as they appear at the edges. As a result the tufts with extreme 
distortions due to the fish-eye effect (at the edges of the image) are not taken into account 
in the discussion. In addition, arrows are used to represent the average direction of the tufts 
(i.e., flow direction). The directions of these arrows are rough estimates of the average flow 
direction of the tuft determined after carefully watching the video for approximately 10 
minutes.   
As shown in the figures below the tufts follow consistent patterns but there are significant 
local effects caused by the complexity and unevenness of the vehicle’s underbody 
especially the exhaust piping channels. For the 0o yaw case shown in Fig. 4.12, the tufts at 
the driver side (Fig. 4.12a) point in a direction consistent with the nozzle airflow but the 
tufts close to the exhaust piping channel are not. This can be attributed to local effects 
resulting from circulating flows caused by the exhaust piping channel. For the same test 
condition, the image obtained by the camera at the passenger side is shown in Fig. 4.12b. 
In this image the directions of the tufts are not as consistent as in Fig. 4.12a due to local 













Figure 4.12: A screen shot from a flow visualization video for 0o yaw (Test 1 in Table 1) 
at the driver side (a) and passenger side (b). Average directions of the tufts are 
represented by arrows.  
The results of Test 2 (15.6o yaw, 50 km/h and 10°C) are shown in Fig. 4.13. While the 
direction of the tufts in Fig. 4.13a appears largely consistent with the flow direction of the 







4.14 and 4.15 have similar ambient conditions but with opposite yaw angles of positive 
29.2o and negative 29.2o, respectively. Interestingly for both of these large yaw angles the 
flow patterns indicated by the direction of the tufts are consistent with the nozzle airflow. 
The reason for this sudden consistency with no apparent local effects from asymmetric 
nature of the underbody is not yet understood. However, it is obvious that high wind speed 
dampened the local effects.  
In Fig. 4.16a the flow patterns indicated by the tufts are similar to the 50km/h case and are 
fairly well organized, with the local flow in the direction of the wind except minor local 
effects.  On the other hand, Fig. 4.16b shows that there is a high degree of turbulence and 
flow circulations as indicated by the tufts pointing in various directions. Again these local 
effects can be attributed to the relatively complex geometry affecting the flow.  
Finally, the flow patterns in Fig. 4.17 are also similar to those in Fig. 4.13 which has the 
same yaw and temperature but twice the road speed.  In fact, the results also confirm the 
previous observation that at 15.6o yaw the more complex local underbody geometry has 
higher velocities and a more realistic yaw angle than the smoother driver side. As 
mentioned earlier, the reason why this yaw angles overcome of effects of the local 













Figure 4.13: A screen shot from a flow visualization video for 15.6o yaw (Test 2 in Table 
1) at the driver side (a) and passenger side (b).  Average directions of the tufts are 











Figure 4.14: A screen shot from a flow visualization video for 29.2° yaw (Test 3 in Table 
1) at the driver side (a) and passenger side (b).  Average directions of the tufts are 










Figure 4.15: A screen shot from a flow visualization video for -29.2° yaw (Test 4 in 
Table 1) at the driver side (a) and passenger side (b).  Average directions of the tufts are 










Figure 4.16: A screen shot from a flow visualization video for 0° yaw (Test 6 in Table 1) 
at the driver side (a) and passenger side (b).  Average directions of the tufts are 











Figure 4.17: A screen shot from a flow visualization video for 15.6o yaw (Test 8 in Table 
1) at the driver side (a) and passenger side (b).  Average directions of the tufts are 







4.2: Numerical Data 
4.2.1: Numerical Validation 
Two test conditions were validated with experimental data: the 0° yaw and 50 km/h wind 
speed, and the 29.2° yaw and 50 km/h case (Tests 1 and 3 respectively in Table 1). These 
tests were chosen because they represent the extreme cases. Fifteen experimental points 
around the hot plate were compared with the numerical analysis. Data near the hotplate 
was used because they are assumed to represent the worst case scenario. This is because 
near the hotplate there are large temperature variations in comparison to the upstream of 
the hotplate. It was decided to validate the numerical analysis with this worst case scenario.  
Seven points of these were on the driver’s side of the vehicle and 8 points on the passenger 
side. The locations of the thermocouples whose temperatures were used for the validation 
are shown in Fig. 4.18 below. Note that the numerical data were extracted at similar 
locations. 
 
Figure 4.18: Thermocouples used for numerical validation. Thermocouples encircled in 





Figures 4.19-4.21 illustrate the temperature data observed from the experiments versus the 
numerical analysis for the 0° yaw case on the driver side. Each graph is a single column of 
thermocouples as shown in Fig. 4.18: each column of thermocouples is 3 cm, 6 cm and 9 
cm away from the hotplate. There are at least 2 thermocouples per column as indicated by 
the data points on the graph. Numerically, more data points can be captured which is why 
there are 10 data points of numerical data per graph. This explains why the numerical data 
plotted are more than the experimental data as shown in Fig. 4.19. The distance from the 
downstream (i.e.: towards the rear of the car) edge of the hotplate is approximated for the 
experimental data points. 
 
Figure 4.19: Comparison of numerical and experimental temperature data 3 cm away 
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Figure 4.20: Comparison of numerical and experimental temperature data 6 cm away 
from the hotplate at 0° yaw on the driver side. 
 
 
Figure 4.21: Comparison of numerical and experimental temperature data 9 cm away 
from the hotplate at 0° yaw on the driver side. 
This percent differential was calculated through the following formula: 
 𝑇𝑛𝑢𝑚𝑒𝑟𝑖𝑐𝑎𝑙 − 𝑇𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙
𝑇𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙
× 100% = 𝑝𝑒𝑟𝑐𝑒𝑛𝑡 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 
(9) 
On the driver side at 0° yaw, there is a little difference in temperature further away from 
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a degree. Closer to the hotplate, where the temperature is higher, there is a greater variance 
between the experimental and numerical data as expected. The difference is 8 degrees 
which represents approximately 3% difference which is within the 10% range of error 
considered acceptable for engineering applications (Karniadakis and Sherwin, 2005).  This 
could be due to the complex flow around the hotplate and underbody in addition to the 
large temperature gradients which are difficult to model.  
For the 29.2° yaw test, similar plots were developed as shown in Figs. 4.22-4.24 below. 
 
Figure 4.22: Comparison of numerical and experimental temperature data 3 cm away 
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Figure 4.23: Comparison of numerical and experimental temperature data 6 cm away 
from the hotplate at 29.2° yaw on the driver side. 
 
Figure 4.24: Comparison of numerical and experimental temperature data 9 cm away 
from the hotplate at 29.2° yaw on the driver side. 
At 29.2 degrees yaw, it appears that the numerical data underestimates the temperature 
consistently on the driver side aside from the first point in Fig. 4.22. The largest 
overestimation between points is in Fig. 4.22, where the difference in temperature is 
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Perhaps the small wake directly behind the driver side of the hotplate as the vehicle is 
yawed is not accurately modelled to capture the aero-thermal phenomena due the complex 
geometries involved around the gas tank and hotplate.  
 
Figure 4.25: Percent difference in the numerical and experimental results for the driver 
side. 
The maximum percent difference in Fig. 4.25, approximately 5%, is still within the 
accepted range of error for numerical data (Karniadakis and Sherwin, 2005). Upstream 
along the hotplate towards the front of the vehicle, the errors were observed to decrease.  
A similar analysis was performed on the passenger side: the numerical simulations tend to 
underestimate temperature at 0 yaw, and overestimate the temperatures at 29.2 yaw. The 
graphs comparing the experimental and numerical data are presented in Appendix A. The 
percent differences are presented below in Fig. 4.26; the passenger side has even better 
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Figure 4.26: Percent difference in the numerical and experimental results for the 
passenger side. 
4.2.2 Grid Independence 
The purpose of grid independence is to ensure that the solutions are not dependent on how 
the domain is discretized. If the domain is too coarse (i.e., filled with larger elements), it 
may not capture the details correctly, especially wake effects that vary in size. In addition, 
if the discretization is too large, the values could be inaccurate.  
In this grid independence test three meshes of different sizes were examined. By comparing 
the data of similar points between the three meshes, it becomes clear how independent the 
solution is from the mesh. There are various methods to validate a grid independence test 
from numerical studies, testing with different orders of accuracy and the multiple mesh 
sizes. Accepted practice is to simply discuss on selected relevant parameters to the study 
using any method making note of the correlation or possible error (Roache et al., 1986; 
Slater, 2008).  The grid independence test method used in this thesis is the three mesh 
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the solid rear axle of the suspension to report the temperature values recorded across the 
three meshes. Fig. 4.27 shows the locations measured. Figs. 4.28, 4.29 and 4.30 show the 
difference in mesh sizing for the coarse, medium and fine meshes. The variance is easily 
seen in the smaller features of the underbody, such as the increased number of elements 
representing the small area behind the hotplate and the solid beam axle. The coarse mesh 
had approximately 6 million elements, with the medium mesh having 15 million, and the 
fine mesh with 28 million elements. The coarse mesh finished simulating in about a week, 
the medium mesh in two weeks, and the fine mesh in five weeks. 
 
Figure 4.27: Showing the locations used for the grid independence test. The yellow lines 








Figure 4.28: Coarse mesh of the vehicle. 
 
 






Figure 4.30: Fine mesh of the vehicle. 
Figures 4.31 and 4.32 show the results from the grid independence test at the two measured 
locations. The coarse mesh barely registers the temperature increase immediately behind 
the hotplate in either situation. The fine mesh captures the temperature increase in both 
locations over a larger area and with a softer gradient, likely as a result of more elements 
providing information along the length. Compared to the fine mesh, the medium mesh 
notes the effect of the hotplate in a slightly different location, with the maximum 
temperature noted for the front location being under-estimated by 1.5K for the front 
location and over-estimated by 1K in the rear location. This variance could be a result of 
how ICEM partitioned the domain near the hotplate, but the trends observed are roughly 
the same and with an error of 0.5% when comparing maximum values between the medium 
and fine meshes. This is far less than the ten percent error as accepted in CFD practice 
(Karniadakis and Sherwin, 2005), thus the medium mesh is sufficiently independent of the 
solution. In addition to this, the drastic time savings between the medium and fine cases, 





that to save on computational time a medium mesh approach was taken for the rest of the 
numerical test cases.  
 
Figure 4.31: Grid independence test illustrating the temperature along the front location 
of the solid rear axle. 
 
Figure 4.32: Grid independence test illustrating the temperature along the rear location of 



























































4.2.3: Numerical Results 
Four cases were numerically simulated in Fluent. In order of increasing yaw angle, these 
four cases are reported in Table 1 as Test 1 (0° yaw, 50 km/h wind speed, 10°C ambient 
temperature), Test 7 (8° yaw, 100 km/h wind speed, 10°C ambient temperature), Test 8 
(15.6° yaw, 100 km/h wind speed, 10°C ambient temperature) and Test 3 (29.2° yaw, 50 
km/h wind speed, 10°C ambient temperature). 
The results are first reported in terms of the temperature contours at the vehicle centreline 
and at the location of the thermocouples (5mm from the vehicle surface) as well as 
isosurface plots. Velocity results are then discussed through contours at the vehicle 
centreline and streamlines close to the vehicle surface. 
4.2.3.1: Thermal Results 
Figures 4.33 and 4.34 illustrate the temperature contours for Test 1 (0° yaw, 50 km/h, 10°C 
ambient temperature) in various planes and degrees of zoom, such as looking at the vehicle 






Figure 4.33: A zoomed in view of the temperature contours at the vehicle centerline from 
the side profile for Test 1. 
 
Figure 4.34: Zoomed in view of the temperature contours 5 mm below the surface of the 





Like the experimental data, it’s clear that the heat convects away from the hotplate surface. 
Figure 4.33 shows how the air gets partially trapped in front of the solid axle suspension, 
making it difficult to easily convect away from the surface. Figure 4.34 shows that the 
convection effects are stronger than the radiation effects, as a larger gradient is seen in the 
direction of the flow (vertically on the diagram, where convection is stronger) than 
perpendicular to it (where radiative heat transfer would be stronger). Figure 4.33 also 
shows how the heat convects away in the direction perpendicular (in the heightwise 
direction, vertically in Fig. 4.33) to the hotplate surface. The heat convects away in a 
boundary layer, influenced by the velocity or the air and the fact the air heats up, reducing 
the temperature gradient as the air goes downstream along the hotplate.  
Figures 4.35 and 4.36 illustrate the temperature contours for Test 7 (8° yaw, 100 km/h, 







Figure 4.35: A zoomed in view of the temperature contours at the vehicle centerline from 
the side profile for Test 7. 
 
Figure 4.36: Zoomed in view of the temperature contours 5 mm below the surface of the 





Similar to the experimental data, Fig. 4.36 demonstrates the heat convecting along the 
passenger side, likely due to the same reason as the experimental data – the driver side of 
the hotplate is in the way of the flow, thus the heat moves over the hotplate to the passenger 
side of the hotplate. Again, Fig. 4.35 shows the side profile with the heat also convected 
away from the hotplate perpendicular to the surface in a boundary layer fashion, with an 
even larger thermal boundary layer observed.  
Figures 4.37 and 4.38 illustrate the temperature contours for Test 8 (15.6° yaw, 100 km/h, 
10°C ambient temperature).  
 
Figure 4.37: A zoomed in view of the temperature contours at the vehicle centerline from 






Figure 4.38: Zoomed in view of the temperature contours 5 mm below the surface of the 
gas tank from the top view for Test 8. 
Like the experimental data, the heat convects along the passenger side. Through just the 
contours, it doesn’t quite show why experimentally, the thermocouples on the passenger 
side in the upstream (towards the top of the figure) direction increased in temperature. The 






Figure 4.39: A zoomed in view of the temperature contours at the vehicle centerline from 
the side profile for Test 3. 
 
Figure 4.40: Zoomed in view of the temperature contours 5 mm below the surface of the 





Figures 4.39 and 4.40 show the temperature contours for Test 3 at 29.2 yaw, 50 km/h and 
10°C ambient temperature. Again, the heat convects to the passenger side, matching the 
experimental data. This lends credence to the fact that the hot plate would redirect the flow. 
Figure 4.41 illustrates isosurfaces at various temperatures in order to show how the heat is 
convected away from the hotplate surface. The isosurfaces are at a.) 283.5K, b.) 285K, and 
c.) 290K for Test 1. These values were chosen to clearly illustrate the diffusion of heat 
away from the hotplate. It’s clear through Fig. 4.41a, b and c that the heat that is convected 
away travels in the same direction of the flow, whereas some air gets trapped behind the 
solid rear beam axle as shown by the contours as well. This trapped heat is shown clearly 
in Fig. 4.41c, with the high temperature heat encountering the obstruction and not being 
able to convect over it. As expected, the hotter temperatures are closer to the heat source, 










Figure 4.41: Temperature isosurfaces at a.) 283.5K, b.) 285K, c.) 290K for Test 1. 
Figure 4.42 illustrates isosurfaces for Test 7 at a.) 283.5K, b.) 285K, and c.) 290K. Figure 
4.42a and b gives some additional insight into how the heat is convected away further from 
the hotplate: the heat travels in the same direction of the flow, likely because the hotplate 
no longer obstructs the flow further away from it. Figures 4.42b and c again show how the 
higher temperatures are closer to the heat source, whereas the colder temperatures of Figure 
4.42a extend further behind in the car and in the direction of the flow. The isosurface of 
Fig. 4.42a shows various deformities when compared to Fig. 4.41a and the 0° yaw case; 
this distorted isosurface could be a result of the increased turbulence in the air due to the 


























Figure 4.43: Temperature isosurfaces at a.) 283.5K, b.) 285K, c.) 290K 
Looking at the isosurfaces of Figs. 4.42 and 4.43 give greater insight into Test 8 and the 
experimental results: at the 15 degree yaw angle, the heat appears to curve around the hot 
plate instead of following the angle of the flow at 8 degree yaw, carrying more heat to the 
passenger side. It is speculated this occurs due to the asymmetry of the gas tank; perhaps 
this is some sort of ideal angle for the air to glance off of the gas tank towards the hotplate 
that causes this temperature distribution to result. All three figures  exhibit this behaviour, 
suggesting a very large change in the underbody flow to affect even the hotter core that 










Figure 4.44: Temperature isosurfaces at a.) 283.5K, b.) 285K, c.) 290K for Test 3. 
Figure 4.44 shows the isosurfaces for Test 3. With the this large yaw angle the flow greatly 
redirects the heat, with Figure 4.44 showing the air at 283.5K even reaching the wheel well. 
Figures 4.44b and c show again how the solid beam axle blocks the heat from convecting 
over it. 
4.2.3.2: Velocity Results 
Figures 4.45 to 4.47 show the velocity contours at the vehicle centreline for Test 1. The 
contours depict the nature of the flow around the vehicle and confirm expected patterns: 
the flow hits the front of the vehicle, stops, and then separates to over and under the vehicle. 








Behind the vehicle, there is a wake resulting from the air separating at the base of the 
vehicle, as the air does not immediately mix with the dead water behind the vehicle. Being 
at 0 degrees yaw, the top view shows how the wake is formed fairly symmetrically. The 
slight differences are likely a result of the asymmetrical underbody design. 
 






Figure 4.46: Zoomed in view of velocity contours at the vehicle centreline from the side 
profile for Test 1. 
 






Figures 4.48 to 4.50 show the velocity contours at the vehicle centreline for Test 7. Being 
at the centreline and at 8 degrees yaw, the contours are not on a symmetrical (or at least 
near symmetrical) plane. The contours of Figs. 4.48 and 4.49 show multiple recirculation 
regions which are vortices that will be easier to see using streamlines. Figure 4.50 illustrates 
the top view of the velocity contours, which clearly show how the wake is affected by yaw 
angle – the wake begins to form from the front passenger side corner due to the yaw angle 
this area of the vehicle obstructs the flow. 
 






Figure 4.49: Zoomed in view of velocity contours at the vehicle centreline from the side 
profile for Test 7. 
 





Figures 4.51 to 4.53 show the velocity contours at the vehicle centreline for Test 8. Being 
at the centreline and at 15.6 degrees yaw, the contours are again not on a symmetrical plane 
and have similar results to the contours at 8 yaw. The contours of Figs. 4.51 and 4.52 also 
show multiple recirculation regions which are vortices that will be easier to visualize from 
the streamlines. Figure 4.53 illustrates the top view of the velocity contours, which clearly 
show how the wake is affected by yaw angle – the wake begins to form from the front 
passenger side corner as due to the yaw angle this area of the vehicle obstructs the flow, 
again similar to the 8 degree yaw case but with a larger wake with the higher yaw angle. 
Interestingly a small wake off of the front passenger tire is formed and resolved, likely due 
to the sloping front hood of the vehicle allowing mixing of freestream air into the wake, 
controlling the size. 
 






Figure 4.52: Zoomed in view of velocity contours at the vehicle centreline from the side 
profile for Test 8. 
 






Figures 4.54 to 4.56 show the velocity contours at the centreline and 5mm underneath the 
gas tank for Test 3. At the centreline, due to the numerical setup of the domain, the air is 
channeled towards the rear driver’s side corner of the domain, in which the air deflects off 
the wall and redirects to the outlet. This leads to the high velocity seen towards the exit of 
the domain. Around the vehicle, large recirculation zones are seen coming off the tires and 
rear of the vehicle as shown in Fig. 4.56. 
 






Figure 4.55: Zoomed in view of velocity contours at the vehicle centreline from the side 
profile for Test 3. 
 






Figure 4.57 shows streamlines of the flow around the vehicle in various views from a.) in 
front of the vehicle, b.) behind the vehicle, c.) under and d.) over the vehicle for Test 1. 
The streamlines illustrate in three dimensions how the flow moves around the vehicle. The 
air around the top of the vehicle and the sides of the vehicle are fairly organized as shown 
in Fig. 4.57a and b. Under the vehicle, the flow is relatively more disorganized compared 
to the sides and the top due to the obstructions underneath the vehicle. The tufts under the 
vehicle in the experimental case show some correlation with the streamlines under the 
vehicle, showing the flow under the vehicle roughly following the direction of the flow, 
with some effects by the geometry imparting some local effects. 
  
  
Figure 4.57: Velocity streamlines a.) in front of the vehicle, b.) behind the vehicle, c.) 











Figure 4.58 shows streamlines of the flow around the vehicle in various views from a.) in 
front of the vehicle, b.) behind the vehicle, c.) over and d.) under the vehicle for the 8 
degrees yaw case. The streamlines illustrate in three dimensions the vortices seen in 4.48 
and 4.49 with large vortices coming off of the driver side of the vehicle. Smaller vortices 
come from the passenger side, likely due to the low sloping hood of the vehicle that allows 
the free stream air to interact with the wake, absorbing some of the energy in the vortices 
and breaking them up. 
  
  
Figure 4.58: Velocity streamlines a.) in front of the vehicle, b.) behind the vehicle, c.) 










Figure 4.59 shows streamlines of the flow around the vehicle for Test 8 in various views 
from a.) in front of the vehicle, b.) behind the vehicle, c.) over and d.) under the vehicle. 
The streamlines illustrate in three dimensions the vortices seen in Figs. 4.51 and 4.52, with 
large vortices coming off of the driver side of the vehicle. Again, smaller vortices come off 
of the passenger side, likely due to the low sloping hood of the vehicle that allows the free 
stream air to interact with the wake, absorbing some of the energy in the vortices and 
breaking them up. Underneath the body there is even more disturbance of the flow with 
increasing yaw angle compared to the 8 degree yaw case, with the front driver side tire 
interacting with the flow ahead of the hotplate. 
  
  
Figure 4.59: Velocity streamlines a.) in front of the vehicle, b.) behind the vehicle, c.) 










Figure 4.60 shows streamlines of the flow around the vehicle for Test 3 in various views 
from a.) in front of the vehicle, b.) behind the vehicle, c.) over and d.) under the vehicle. 
The extreme yaw angle required the starting points of the streamlines to be shifted over 1 
m towards the driver’s side in order to properly envelope the vehicle. Here a large amount 
of vortices are seen coming off of the driver’s side in Figs. 4.60, b and c, with passenger 
side flow separating almost immediately off of the front passenger’s corner of the car. 
Underneath the vehicle in Fig. 4.60d, the flow is clearly shown sweeping across over the 
hotplate in the same direction that the heat convected over it. 
  
  
Figure 4.60: Velocity streamlines a.) in front of the vehicle, b.) behind the vehicle, c.) 











4.3: Underbody Battery Pack Cooling Simulation Results 
The results presented in Section 4.2 indicate that underbody cooling can provide 
appreciable benefits when applied to a generic case, such as the experimental design using 
the hotplate. Using this as a baseline, applying the underbody cooling concept to a more 
realistic situation is the next step. As discussed in Chapter 1, there are huge challenges in 
cooling battery packs of EV and HEV vehicle. This could also be addressed through 
external air cooling like the experimental case with the hotplate. The battery packs are 
typically located under the vehicle or towards the rear of the vehicle in an effort to 
maximize interior packaging requirements and lower the vehicle’s centre of gravity. The 
battery consists of numerous cells that store and discharge energy to drive the electric motor 
depending on the driving demands. The charging and discharging rates of a cell depend on 
the temperature of the individual cell. However, the energy requirements from the vehicle 
apply to the whole battery pack. If an individual cell is charging at a different rate because 
of a localized temperature increase, this could lead to overcharging the cell, damaging the 
cell and thus reducing the capacity of the battery.   To prevent these temperature 
localizations, the batteries are also required to be maintained at a consistent and uniform 
temperature. External cooling of the battery can help to reduce existing battery cooling 
system demands, such as reducing fan or pump speed, thus reducing the energy required 
by these systems. 
Current air cooling methods focus on internally cooling the battery pack through the cells 
and different manifold designs (Park, 2013, Pearson et al., 1999) and improving said 
designs in order to increase their effectiveness. For external cooling, potential 





the air, such as a diffuser. The battery pack is built into the angled surface of a drag and 
downforce diffuser design as suggested by Jowsey and Passmore (2013) and compared to 
a case where no diffuser is used.  This section analyzes the effects of the local velocity 
changes through the diffuser and also its effects on the surface temperature of the battery 
pack. Given an appropriate vehicle speed, this forced convection could be achieved through 
diffuser effects instead of using energy to power a fan to drive the air. This offers potential 
energy savings. The idea is to observe whether the velocity (and related convective heat 
transfer) increase at the inlet of the diffuser can overcome the reduction in convective heat 
transfer at the diffuser exit due to the reduction in velocity. 
4.3.1: Numerical Results 
Figure 4.61 shows the velocity contours at the vehicle centerline. 
  
        
Figure 4.61: Velocity contours at vehicle centerline for a) the no diffuser case, and b) the 
diffuser case. 
The wake appears to be well resolved. The wake continues to follow the streamlines 
coming off of the roof of the vehicle.  Figs. 4.62 and 4.63 show the flow patterns at the 







Figure 4.62: Velocity contour at vehicle centerline at the front of the vehicle for a.) the no 
diffuser case and b.) the diffuser case. 
At the front of the vehicle, the velocity contours are the same. This is expected since the 
front geometries of the vehicles in both test cases are the same. The size of the recirculation 
zone looks larger for the diffuser case. The size of the dead air – the area of low or no 
velocity behind the car – is larger for the diffuser case. Given that this is a drag and 
downforce optimized diffuser design, this means there is a high pressure area behind the 
car to counteract the stagnation point in front the car, thus reducing pressure drag. Also of 
note is that the flow is not entirely separated from the battery pack. The flow near it is 
slower, as expected since the flow continues downstream to the rear of the vehicle. At the 
throat of the diffuser, a larger region of the air is faster compared to the no diffuser case. 
  
Figure 4.63: Velocity contour at vehicle centerline at the rear of the vehicle for a.) the no 







Figures 4.64 and 4.65 show the streamlines of the air near the vehicle’s rear section 
showing the flow at the top of the vehicle and underneath it. These streamlines reinforce 
the impressions made from the velocity contours at the vehicle centerline: the size of the 
dead air area behind the vehicle is larger in the diffuser case as shown by Fig. 4.64b 
compared to Fig. 4.65b. This is shown through the streamlines spiraling closer to the trunk 
in the diffuser case versus the no diffuser case. 
  
Figure 4.64: Velocity streamlines at the rear section of the vehicle for the no diffuser case 
showing a.) the top-rear view and b.) the bottom rear view. 
In addition, the diffuser helped to control the formation of vortices in the wake in the rear 
bumper section. Figure 4.64a shows vortices coming off the rear bumper from the sides 
and underneath the vehicle, whereas the diffuser case in Fig. 4.65a only shows vortices 
coming off the sides of the diffuser underneath the vehicle, with the flow off the sides of 
the vehicle detaching from the surface smoothly. The reduction in vortices creates a higher 
pressure behind the vehicle in the diffuser case, thus reducing drag, as expected from the 







Figure 4.65: Velocity streamlines at the rear section of the vehicle for the diffuser case 
showing a.) the top-rear view and b.) the bottom rear view. 
Figure 4.66 demonstrates the temperature contours of the battery pack with some 
noticeable patterns. There exist hot spots in both cases, likely due to the asymmetrical 
underbody of the vehicle affecting the flow. For the no diffuser case, the hot spots exist 
both near the leading edges and towards the middle of trailing edge of the battery pack. 
However, for the diffuser case, the hot spots are roughly in the middle of the rear trailing 
edge. The diffuser also appears to be delaying the onset of the hot spots on the battery pack, 
moving them further downstream. So while the maximum temperature did slightly increase 
in the battery pack, the increased velocity at the throat of the diffuser does appear to be 
aiding cooling of the leading edge of the battery pack more consistently.  
  
Figure 4.66: Temperature contour of the battery pack for a.) the no diffuser case and b.) 







Figure 4.67 shows the temperature contour at the vehicle centerline for both cases. It is 
apparent that the convective heat transfer on the battery pack surface dominates the heat 
transfer away from the battery until the flow separates off the battery pack downstream in 
the no diffuser case, and thus the temperature contour spreads away from the surface more 
due to radiative heat transfer. Conversely, the flow near the battery pack surface is slower 
in the diffuser case thus the effects of radiative heat transfer have a larger visible impact.  
  
Figure 4.67: Temperature contour of the battery pack at the vehicle centerline for a.) the 
no diffuser case and b.) the diffuser case. 
Figures 4.68, 4.69 and 4.70 show isosurfaces at temperatures of 300.125K, 301K and 303K 
respectively. These isosurfaces help to illustrate the areas of the flow at a given 
temperature. Fig. 4.68b shows how in the diffuser case the heat relatively quickly moved 
from the diffuser inlet, as shown by the shorter isosurface.  However, Fig. 4.68a shows 
how the heat is somewhat trapped behind the battery pack due to recirculations 
immediately off the trailing edge, while in the diffuser case of Fig. 4.68b, the heat disperses 








Figure 4.68: Temperature isosurface at 300.125K of the battery pack at the vehicle 
centerline for a.) the no diffuser case and b.) the diffuser case. 
Figure 4.69 shows isosurfaces at 301K. Comparing Figs. 4.68a to 4.68b, it is clear that in 
the diffuser case more air near the battery is at this given temperature, especially 
downstream near the rear of the battery pack where there appears to be larger pockets of 
air at 301K. The asymmetrical nature of the pockets could be a result of the asymmetrical 
underbody upstream of the flow. This is also consistent with the observation that at the 
leading edge of the diffuser the hot air is quickly removes, as shown by the isosurface at 
further downstream in the diffuser case versus the no diffuser case. Finally, Figs. 4.70 
shows isosurfaces at 303K with a smaller isosurface in Fig. 4.70a compared to Fig. 4.70b, 
it is clear that convection dominates the heat transfer in the no diffuser case. 
  
Figure 4.69: Temperature isosurface at 301K of the battery pack at the vehicle centerline 








Figure 4.70: Temperature isosurface at 303K of the battery pack at the vehicle centerline 






Chapter 5: Conclusion and Recommendations 
This thesis had two main goals with regards to underbody aero-thermal research. The first 
was to conduct a fundamental study using an arbitrary heat source to understand how heat 
and velocity is distributed under a passenger car in various wind speeds and yaw angles. 
This was achieved using wind tunnel measurements and numerical simulations. The second 
goal was to apply the fundamental study to a realistic case, such as a theoretical Chevrolet 
Aveo5 hybrid electric vehicle (HEV) battery pack requiring cooling. In addition, to 
investigate whether cooling of battery packs can be improved through the use of a vehicle 
aerodynamic device such as an underbody diffuser. This second objective was achieved 
using numerical simulation. The conclusions drawn from this study are summarized in 
Section 5.1 below. 
5.1: Summary of Results 
The results confirmed that the underbody cooling strongly depends on wind speed. In 
general, a higher wind speed tended reduce the range in temperature at locations near the 
heat source, with the maximum temperature variation between all the tests of nearly 10⁰C 
at 100 km/h wind speed versus 15⁰C at 50 km/h. This is attributed to increased turbulence 
under the vehicle which enhanced mixing and diffusion of heat, thus increasing the 
convective heat transfer coefficient.  
Greater than the wind speed, however, is the effect of yaw angle. The relative angle of the 
vehicle to the wind direction has a huge effect on how the heat is distributed under the 
vehicle. The angle changes the way the flow interacts with the hot plate, greatly altering of 
the local flow direction. This causes other aerodynamic effects such as recirculation and 





incoming cooling air, the flow deflects off of the hot plate and carries the heat downstream 
on the exposed side. This results in non-uniform cooling of the hot plate. It was observed 
that irrespective the yaw used, only the thermocouples in the vicinity of the hot plate 
recorded significant temperatures. It was also observed that the rear axle deflected the 
airflow and prevented heat from getting to the thermocouples behind it.  
The CFD results were consistent with this observation. At 0o yaw, the temperature was 
relatively evenly distributed at both the driver and passenger sides of the hot plate. As the 
yaw angles increased (to 29.6o) the driver side of the hot plate was more exposed to the 
airflow which convected the heat to the downstream to the passenger side to increase of 
the temperature in that region. When the direction of the yaw angle changed to negative 
29.6o the trends described above were reversed as expected although not identical. The 
different ambient temperatures affect the distribution by changing which yaw angle the 
maximum temperature was observed; at 10⁰C ambient temperature, the maximum was at 
15.6⁰ yaw whereas at 50⁰C ambient temperature the maximum was at 0⁰ yaw.  Heat also 
convects away perpendicularly to the hot plate, as shown in the three-dimensional profiles 
of the isosurfaces. 
With regards to velocity, the surface of the vehicle underbody the flow is highly turbulent. 
The exhaust piping channel affected both the flow direction and velocity the most. On the 
other hand, when the yaw angle increased to 15.6o and higher, more consistent flow 
patterns were observed at sections more exposed to the nozzle airflow.  
Overall, the diffuser did have a noticeable effect on the temperature and velocity 





relatively more consistent compared to the no diffuser case. It is shown that the temperature 
of the battery pack upstream decreased whereas that at the downstream slightly increased 
compared to the no diffuser case. In addition, a larger range of temperatures were observed, 
with a 6K variance versus 4K of the no diffuser case. The huge advantage of the diffuser 
case is that there are smaller hot spots in comparison to the no diffuser case. These small 
hot spots limit the number of cells in a battery that would be affected by the drastic 
temperature increase, thus preventing damage to the overall pack. If in a more extreme case 
the temperature difference could be higher, leading to a more extreme difference in 
charging/discharging rates.  
5.2: Contribution 
There is no studies in the open literature that investigated the relationship between 
underbody aerodynamics and underbody thermodynamics. This study fills that gap and 
provides results showing how underbody thermodynamics are affected by wind speed, and 
yaw angle as well as ambient temperature.  The physical insight this study provided is 
necessary for automotive engineers to design more effectively underbody vehicle 
packaging to enhance cooling of underbody heat sources. The measurements made in the 
boundary layer above the heat source showed significantly different patterns at different 
cross flows, wind speeds and ambient temperatures.  
Furthermore, this thesis was initiated by an industry partner to study the effects of cross 
winds on vehicle aero-thermal phenomena. The results reported are useful to wind tunnel 
designers in developing design trade-offs involved with thermal phenomena due to cross-
wind effects or in justifying to customers the benefits of incorporating yawing capability 





In regards to the battery pack study, aerodynamic devices are used to improve the air flow 
under the vehicle to help improve the external cooling of the battery.  As shown in the 
analysis of the battery pack, there are valid benefits to underbody aero-thermal research, 
with a drag and downforce optimized diffuser stabilizing the temperature at the surface of 
the battery, reducing the risk of damage to the individual cells through under- or over-
charging.   
5.3: Recommendations for Future Works 
The experimental part of this thesis was limited to two-dimensional measurements. To 
further improve the baseline results, more research is needed investigate experimentally 
the three-dimensional heat distribution with layers of thermocouples, increase velocity 
measurements, and increased numbers of thermocouples to solidify the trends observed.  
The current study investigates the use of generic diffuser to improve cooling of battery 
pack. Future work should focus on optimizing a diffuser design specifically for battery 
pack cooling. This is more likely to provide better opportunities to optimize the 
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Figure A.1: Comparison of numerical and experimental temperature data 3 cm away from 
the hotplate at 0° yaw on the driver side. 
 
Figure A.2: Comparison of numerical and experimental temperature data 6 cm away from 
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Figure A.3: Comparison of numerical and experimental temperature data 9 cm away from 
the hotplate at 0° yaw on the driver side. 
 
Figure A.4: Comparison of numerical and experimental temperature data 3 cm away from 
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Figure A.5: Comparison of numerical and experimental temperature data 6 cm away from 
the hotplate at 29.2° yaw on the driver side. 
 
Figure A.6: Comparison of numerical and experimental temperature data 9 cm away from 
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